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We report on direct, real-space imaging of the stray magnetic field above a micro-scale disc of
a thin film of the high-temperature superconductor YBa2Cu3O7−δ (YBCO) using scanning single
spin magnetometry. Our experiments yield a direct measurement of the sample’s local London
penetration depth and allow for a quantitative reconstruction of the supercurrents flowing in the
sample as a result of Meissner screening. These results show the potential of scanning single spin
magnetometry for studies of the nanoscale magnetic properties of thin-film superconductors, which
could be readily extended to elevated temperatures or magnetic fields.
I. INTRODUCTION
Thin-film superconductors are of scientific interest and
ever-increasing technological importance. For example,
such thin films offer possibilities to systematically explore
fundamental properties of cuprate superconductors [1] or
allow for exquisite tunability of fundamental properties
such as the superconductors critical temperature [2]. In
the emerging field of quantum technologies, thin-film su-
perconductors form the basis for superconducting quan-
tum circuits, such as quantum bits or low-loss, microwave
resonators [3, 4] and they are also becoming increasingly
important in single-photon detection [5]. These devel-
opments and especially the increased technological rele-
vance of micro- and nano-structured superconductors call
for novel tools to locally probe superconductivity in such
materials with high sensitivity and nanoscale resolution.
Magnetic probes are particularly well suited for this
task, as they offer direct access to the local magnetic
susceptibility and thereby a defining feature, i.e. per-
fect diamagnetism, of the superconducting state. Indeed,
various such probes, including magnetic force microscopy
(MFM) [6–8], scanning Hall-probes [9, 10] and supercon-
ducting quantum interference device (SQUID) [11–13]
magnetometry have been developed and successfully em-
ployed for this purpose. Despite the remarkable insight,
such experiments offered into microscopic properties of
superconductors, they still suffer from their high inva-
siveness (MFM), reduced spatial resolution (Hall probes)
or the limited range of temperature and magnetic field, in
which they operate (SQUID). These limitations warrant
the exploration of novel approaches to probe the local
magnetic response of superconductors, which would al-
low, e.g. for studying them close to or above their critical
temperature with nanoscale resolution.
In this work, we introduce a possible solution to this
bottleneck by employing scanning single spin magnetom-
∗ These authors contributed equally to this work
† patrick.maletinsky@unibas.ch
etry using a Nitrogen-Vacancy (NV) electronic spin in
diamond [14] for magnetic probing of a micro-structured
thin-film superconductor. We demonstrate nanoscale
imaging of the Meissner screening fields above a super-
conducting disc and employ a quantitative model to ex-
tract the local value of the London penetration depth λ
in our sample. Furthermore, we employ reverse propaga-
tion of the experimentally measured magnetic field map
to reconstruct the screening supercurrents circulating in
the sample and thereby address spatial inhomogeneities
in the superconducting state. Our findings complement
recent advances in using ensemble NV magnetometry
to study Meissner screening or vortices in superconduc-
tors [15–18] and promote this promising sensing technol-
ogy to applications on the nanoscale. While we have
previously reported on nanoscale studies of vortices in
type-II superconductors [19], we here focus on the mag-
netic screening properties of a thin-film superconductor
– a technique which in contrast to vortex imaging can be
applied to both type-I and type-II superconductors.
II. EXPERIMENT
Our experiments exploit the electronic spin degrees of
freedom of a single NV center in diamond – a lattice
point defect formed by a Nitrogen atom adjacent to a
lattice vacancy – as a nanoscale magnetometer. The
NV center orbital ground state forms an electronic spin
triplet consisting of the magnetic sublevels |ms = 0〉 and
|ms = ±1〉 (Fig. 1(a)), where ms denotes the magnetic
quantum number along the Nitrogen-Vacancy binding
axis. At zero magnetic field, the states |ms = ±1〉 are
degenerate and split by a frequency D0 = 2.87 GHz
from |ms = 0〉. The application of a magnetic field
BNV along the NV spin quantisation axis induces a Zee-
man splitting 2γNVBNV of the states |ms = ±1〉, where
γNV = 28 GHz/T is the gyromagnetic ratio. Conversely,
transverse fields couple to the spin degree of freedom only
to second order and will be neglected here. The NV spin
can be initialised and read out optically, since optical
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FIG. 1. (a) Nitrogen-Vacancy (NV) center ground state
spin levels with zero-field frequency splitting D0 and Zeeman
splitting 2γNVBNV (with γNV = 28 GHz/T and BNV the mag-
netic field along the NV axis). As indicated by the red circles,
the |ms = 0〉 spin sub-level exhibits a higher fluorescence rate
than |ms = ±1〉. (b) Optically detected electron spin reso-
nance (ESR) of a single scanning NV center. (c) Schematic
cross-section of the sample and the scanning probe hosting
the NV center. The NV is stabilised at a distance zNV from
the superconductor surface using atomic-force distance con-
trol. (d) Top view of the micro-structured YBCO sample.
Blue (grey) represents regions of YBCO (substrate), respec-
tively. The highlighted disk with 6 µm diameter is used here
to study Meissner screening and a nearby four-point bridge
to determine sample resistance.
excitation with 532 nm light results in spin-dependent
fluorescence rates (as indicated in Fig. 1(a)) and spin-
pumping into |ms = 0〉 [20]. These combined properties
enable optical detection of electron spin resonance (ESR)
of NV centers, where after initialisation into the (bright)
|ms = 0〉 state, a microwave driving field resonant with
either of the |ms = 0〉 → |ms = ±1〉 transitions popu-
lates the less fluorescent |ms = ±1〉 states, resulting in
a significant drop in NV fluorescence (Fig. 1(b)). Such
optically detected ESR thus yields a direct measure of
BNV, i.e. the magnetic field projection onto the NV axis.
In order to measure stray magnetic fields above the
sample surface, we employ a single NV center lo-
cated in the tip of a single-crystalline diamond scanning
probe [21]. This approach yields optimised sensing per-
formance, maximal robustness and NV centers which are
oriented at an angle of 54.7◦ with respect to the scan-
ning probe (set by the crystal orientation of the tips),
corresponding to an angle θNV ≈ 55◦ with respect to
the sample normal (Fig. 1(c)). Atomic force microscopy
(AFM) feedback is used to stabilise the NV center above
the sample surface at typical distances ∼ 50 nm, while
tip and sample are positioned and scanned using piezo
actuators. The NV spin is addressed optically with a con-
focal microscope and manipulated with microwave mag-
netic fields generated by a close-by bonding wire spanned
across the sample. The experiment is located in a low-
vibration Helium bath cryostat with a base temperature
of 4.2 K, equipped with a superconducting vector mag-
net reaching fields up to 0.5 T. To investigate the mag-
netic response of our sample, we apply an external bias
magnetic field Bz of 1.7 mT perpendicular to the sample
surface after cooling the superconducting film through
its critical temperature Tc in zero field. The continuous-
wave microwave driving we employ leads to an elevated
temperature ∼ 8 K (as determined by a nearby resistive
thermometer) – a heating-mechanism which does not af-
fect our results obtained on a high-Tc superconductor and
which could be readily alleviated by employing pulsed
methods for ESR driving [22] in case of more fragile su-
perconducting samples.
The sample under study is a thin film of the type-II
superconductor YBa2Cu3O7−δ (YBCO) [23], patterned
into lateral structures using optical lithography and Ar
ion milling (Fig. 1(d)). The c-axis-oriented YBCO film
was grown to a thickness dYBCO of ∼ 119 nm on top of a
(001)-oriented single-crystal SrTiO3 (STO) substrate us-
ing pulsed laser deposition and was covered with ∼ 16 nm
of STO to avoid oxygen diffusion out of the sample [24].
The film shows a Tc ≈ 90 K as measured in-situ by a four-
probe conductance measurement. The data presented in
this work were taken on the 6 µm diameter disk high-
lighted in Fig. 1(d).
III. RESULTS AND DISCUSSION
To study the nanoscale magnetic response of our sam-
ple, we first measure a full, two-dimensional stray mag-
netic field map of BNV above the 6 µm diameter YBCO
disk (Fig. 2 (a)). Magnetic field maps are created by mea-
suring the entire ESR spectrum at each point of the scan
and by determining BNV in a subsequent fit. Our data
show a strong reduction of magnetic field above the disk,
while an enhanced field is measured close to the edges
of the disk. This observation is in qualitative accordance
with Meissner screening, where circular supercurrents in-
side the superconductor lead to a magnetisation oppos-
ing the external magnetic field and therefore to a reduced
field in the disk center and a compression of field lines
towards the disk edge. The orientation of the NV spin
quantisation axis with respect to the sample normal then
results in the BNV map not being rotationally symmetric
around the disk center.
In order to gain further understanding of these ob-
servations, we numerically calculate the current density
js(r, z, λ) induced in a superconducting disk exposed to
an external perpendicular magnetic field. Due to the
cylindrical symmetry of our sample, it is sufficient to only
consider the z-component of the second London equation
in cylindrical coordinates [25]
− Bz
µ0λ2
= (∇×~js)z = (
~js)φ
r
+
∂(~js)φ
∂r
, (1)
3eNV B
FIG. 2. (a) Quantitative map of the magnetic field BNV,
measured with the scanning NV spin above the YBCO disk
in an external magnetic field of 1.7 mT applied perpendicular
to the sample. Low magnetic fields are observed in the center
of the disk due to Meissner screening in the superconductor
and maximal fields at the edges of the disk due to compres-
sion of the field lines expelled from the disk. The observed
absence of rotational symmetry of BNV around the disk center
is a result of the NV orientation being away from the sam-
ple normal. The data were acquired with a pixel dwell-time
of 12 s resulting in a scan time of 8 h for the entire scan.
The green readout laser was set to a power of 350 µW with
a microwave power of ∼ 15 dBm sent into the cryostat. The
dashed line indicates the position of the line scan in Fig. 3.
(b) Calculation of BNV using the numerical model described
in the text, with λ = 250 nm and zNV = 100 nm as manually
set input parameters.
where the subscripts indicate the vectorial components in
cylindrical coordinates and µ0 = 4pi × 10−7 H/m is the
vacuum permeability. Since only the supercurrent den-
sity in azimuthal direction (~js)φ appears in this equation,
we denote this quantity as js in the following. We find js
by numerically solving Eq. (1) in a disk with a diameter of
6 µm and a thickness of 119 nm using a grid of 300× 12
elements, corresponding to a resolution of 10 nm. As
boundary condition, we set js(r = 0) = 0 in the center of
the disk and determine js(r, z) with the Euler method.
Our calculation of js converges by iteratively calculating
js(r, z), updating Bz(r, z) and then recalculating js(r, z).
The magnetic field BNV is then calculated at the position
of the sensor using Biot-Savart’s law, taking into account
the topography of the disk. Our procedure yields good
qualitative agreement with our data when using a pene-
tration depth λ = 250 nm determined earlier [19] and an
estimated NV-to-superconductor distance zNV = 100 nm
(Fig. 2(b)). This agreement motivates further quantita-
tive studies for an independent determination of λ from
our data, as discussed in the following.
In order to quantitatively analyse our data and deter-
mine the penetration depth λ, we perform a high res-
olution line scan of BNV across the YBCO disk, along
the trajectory indicated in Fig. 2 (a). The resulting data
(Fig. 3) show the same global features already discussed
for the 2D map, all while providing greater detail and
a higher sampling rate for subsequent, quantitative fit-
ting using the same method as described above. For the
few data points (marked in blue in Fig. 3) where the ob-
served NV ESR splitting falls short of the ESR linewidth
of ∼ 8 MHz, our determination of BNV is unreliable due
to poor fitting quality and the effect of local strain on
the NV spin splitting [26]. We therefore excluded these
points in the subsequent analysis. From a fit to these
data, we seek to extract the three key unknown param-
eters λ, zNV, and θNV. To obtain the best estimate
for their values and respective errors, we include in our
model three additional nuisance parameters, namely the
lateral position of the superconductor within the scan,
the magnitude of the externally applied field, and a cali-
bration factor to scale the x-axis. These nuisance param-
eters are required for the model and the error estimation
but carry little information about the final values of λ,
zNV, and θNV. The resulting model fit (Fig. 3) shows ex-
cellent agreement with data and yields λ = 249 ± 5 nm,
zNV = 70±10 nm and θNV = 55.3±0.7◦. Here, the error
bars denote 2σ confidence intervals, which we calculate
from the diagonal elements of the covariance matrix of
the free parameters, i.e. the width of the marginal prob-
ability density function for each parameter. The error
bars therefore in principle account for correlations be-
tween all free parameters. We find, however, significant
correlations only between λ and zNV. The value of λ we
find with this approach agrees well with a previous and
independent measurement we performed in the same ma-
terial [19], which gives further confidence in the validity
of our approach. Taking into account the 16 nm thick
STO capping layer, we reach a NV-to-sample distance of
∼ 50 nm, which constitutes an important benchmark for
the resolution capability of our setup.
Lastly, we take advantage of the one-to-one mapping
between a two-dimensional current distribution and a
magnetic field map in a plane away from the field source
and use the 2D data presented in Fig. 2 (a) to determine
the supercurrent distribution in the YBCO disk which is
responsible for Meissner screening at first place. To that
end, we employ a well-established reverse-propagation
method [27] to determine js in the superconductor. In
short, the current density is obtained by applying the
inverse Biot-Savart law to the measured Oersted mag-
netic field in Fourier space. The method assumes no
z-dependence of the current distribution inside the disk,
which, however, is a valid approximation in our case since
dYBCO  λ. This reverse propagation process has a
tendency to exponentially amplify high-frequency com-
ponents, and therefore noise, in the imaging data. To
counteract this detrimental tendency, it is common prac-
tice [27] to filter out these high-frequency components us-
ing a low-pass filter with a typical cutoff frequency cor-
responding to the inverse sample-to-sensor distance zNV.
In our case, the sampling distance in the image was com-
parable to zNV and therefore provided a suitable filter on
its own and no further numerical filtering was performed.
The resulting reconstructed current density shows the ex-
4YBCO
a)
b)
FIG. 3. (a) Measurement of BNV across the YBCO disk
along the trajectory indicated in Fig. 2 (a). The black line
in (a) shows the fit with the numerical model which yields a
penetration depth of λ = 249 ± 5 nm. Data points marked
in blue were excluded from the fit (see text). The data inte-
gration time was 24 s per point resulting in 80 min for the
entire scan. A laser power of 470 µW and a microwave power
of ∼ 15 dBm were applied to the NV spin. (b) Magnetic field
lines around the YBCO disk in the Meissner state, along with
a sketch of the experimental setup. The field lines together
with the NV spin quantisation direction (purple arrows) high-
lighted for various positions illustrate the asymmetry in BNV
observed in the data. The dashed line illustrates the topogra-
phy of the scan which is taken into account in the calculation
of BNV.
pected circular screening currents inside the YBCO disk
(Fig. 4). Moreover, the current reconstruction reveals the
position and shape of a region in the sample where su-
perconductivity is suppressed and the current therefore
deviates from the circular shape of the disk. Signatures
of this were already visible in Fig. 2 (a), but we now vi-
sualise it more directly through the impact it has on the
current flow in the superconductor. Note that no hint
of a defect was visible in the topography of the sample.
While further studies are required to assess the origin of
this feature in js, we speculate that it may either con-
stitute a vortex trapped at the edge of the YBCO disc
or a defect connected to material impurities introduced
during growth or micro-patterning.
For the circulalry symmetric part of the current dis-
tribution, we can compare js as obtained from reverse-
propagation to the one calculated by our numerical model
described above. For this, we determine the azimuthal
average of the reconstructed map js(r), while excluding
currents close to the irregularity discussed in the pre-
vious paragraph (Fig. 4(b)). Close to the center of the
disk, we observe a linear increase of js(r) with r, corre-
sponding to a constant curl of ~js due to a homogeneous
field Bz > 0 (c.f. Eq. (1)). Conversely, the supercur-
rent increases super-linearly within a distance Λ from
the edge of the disk, where Λ = 2λ2/dYBCO ≈ 1.04 µm is
a) b)
FIG. 4. (a) Current density js reconstructed by magnetic
field reverse-propagation from the data in Fig. 2 (a). The cir-
cular currents generate a magnetic field counteracting the ex-
ternal magnetic field. (b) Azimuthal average of the current
density js(r) as a function of distance to the disk center, along
with the current density calculated in the numerical model.
the effective penetration depth in a superconductor with
thickness dYBCO [25].
IV. CONCLUSION AND SUMMARY
In conclusion, we have experimentally demonstrated
the use of scanning NV magnetometry to address
nanoscale properties of superconductors through stray
magnetic field imaging. Specifically, our experiments per-
formed on micron-scale YBCO disks allowed us to quan-
titatively determine the local value of the London pene-
tration depth in the material and to assess the impact of
disorder in our thin superconducting film through super-
current reconstruction. These results establish NV mag-
netometry as an attractive resource to study magnetic
properties of superconductors and open the way to ad-
dressing open questions in mesoscopic superconductivity.
Specifically, our quantitative and high-resolution imaging
method could be employed to study supercurrents be-
yond simple Meissner screening, such as presented in re-
cent studies on superconductor-ferromagnet heterostruc-
tures [28] or anomalous surface currents arising from An-
dreev bound states [29], which may enable determination
of the superconductors order parameter symmetry. Our
direct access to the nanoscale magnetic response of super-
conductors offers attractive prospects to study the pre-
cursor phase of superconductivity at elevated tempera-
tures above Tc, where island superconductivity could be
observed in real space using our approach [30]. Further-
more, novel quantum sensing techniques recently devel-
oped for NV magnetometry offer attractive prospects in
the present context. For example, noise spectroscopy [31]
and NV relaxometry [32, 33] could be used to assess mag-
netic flux noise in superconductors – a general problem
that plagues superconductor-based quantum devices [4]
5and that NV magnetometry could help alleviate in the
future.
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